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0022-2836 © 2012 Elsevier Ltd. Open accThe sarcin–ricin loop (SRL) is one of the longest conserved sequences in the
23S ribosomal RNA. The SRL has been accepted as crucial for the activity of
the ribosome because it is targeted by cytotoxins such as α-sarcin and ricin
that completely abolish translation. Nevertheless, the precise functional role
of the SRL in translation is not known. Recent biochemical and structural
studies indicate that the SRL is critical for triggering GTP hydrolysis on
elongation factor Tu (EF-Tu) and elongation factor G (EF-G). To determine
the functional role of the SRL in the elongation stage of protein synthesis, we
analyzed mutations in the SRL that are known to abolish protein synthesis
and are lethal to cells. Here, we show that the SRL is not critical for GTP
hydrolysis on EF-Tu and EF-G. The SRL also is not essential for peptide
bond formation. Our results, instead, suggest that the SRL is crucial for
anchoring EF-G on the ribosome during mRNA–tRNA translocation.
© 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.Introduction
Ribosomes perform the complex task of protein
synthesis in all cells. Several translation factors
interact with the ribosome at different steps to
accelerate protein synthesis. Chief among them are
guanosine triphosphatase (GTPase) factors that
orchestrate critical steps in proteins synthesis.
These GTPase factors interact with conserved ele-
ments of the ribosome. One of the highly conserved
elements in the ribosomal large subunit that GTPaset of Chemistry and
rsity of California,
lla, CA 92093-0314,
.ucsd.edu.
icin loop; rRNA,
actor Tu; EF-G,
ine triphosphatase.
ess under CC BY-NC-ND licenfactors interact with is the sarcin–ricin loop (SRL) in
helix 95 of 23S ribosomal RNA (rRNA) (nucleotides
2646–2674 in Escherichia coli)1 (Fig. 1). The SRL is
considered to play an essential role in protein
synthesis because it is targeted by deadly cytotoxins
such as α-sarcin and ricin that completely inactivate
the ribosome.2,3 α-Sarcin cleaves the phosphodiester
bond between G2661 and A2662, and ricin depur-
inates A2660 in the SRL.4,5 These covalent modiﬁca-
tions to the SRL inhibit the binding of GTPase
factors, resulting in the shutdown of protein
synthesis.6–9
In the elongation stage of protein synthesis, the
SRL iteratively interacts with the GTPase factors
elongation factor Tu (EF-Tu) and elongation factor G
(EF-G). EF-Tu delivers aminoacyl tRNA as an EF-
Tu·GTP·tRNA ternary complex to the ribosomal A
site. EF-G·GTP catalyzes the translocation of the
peptidyl-tRNA from the A site to the P site and the
deacylated tRNA from the P site to the E site in these.
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Fig. 1. Interaction of the SRL with EF-Tu. (a) Secondary structure of the SRL. The bases analyzed in this study are
shown in red, and the sites targeted by ricin and α-sarcin are also indicated. (b) Interaction of the SRL with the EF-Tu
ternary complex (Protein Data Bank ID: 2XQE). The catalytic His84 (red) in EF-Tu (yellow) and GDPCP (cyan) are
indicated. The dotted sphere indicates a water molecule close to the γ-phosphate of GDPCP. Wild-type SRL (light blue)
showing the position of the phosphate oxygen (red sphere) at A2662 (green), which forms a hydrogen bond with His84 in
EF-Tu. Superimposed on the wild-type SRL is a model showing how deletion of bases U2653 and C2667 in the SRL
(orange) will change the interaction of the phosphate oxygen (red sphere) at A2662 (blue) with EF-Tu.
126 SRL Anchors EF-G during Translocationribosome. The associated mRNA also moves by one
codon to the 3′ end. Both EF-Tu and EF-G protect
bases G2655, A2660 and G2661 in the SRL from
chemical modiﬁcations.10 EF-Tu additionally pro-
tects base A2665 in the SRL.10 Short oligoribonucleo-
tides representing the SRL sequence have been
shown to bind EF-G.11 Cryo-electron microscopy
reconstructions12–18 andX-ray crystal structures19–21
showed that the SRL interacts with the GTP-binding
domains in EF-Tu and EF-G. However, the precise
functional role of the SRL is far from clear. Studies
suggest that conformational changes in the SRL may
regulate the cyclic binding of EF-Tu ternary complex
and EF-G·GTP to the ribosome.22 A more recent
study, however, indicates that the SRL is not
important for binding EF-G to the ribosome but
that the exocyclic N6 amino group at A2660 in the
SRL is important for triggering GTP hydrolysis on
EF-G.23 In contrast, a model proposed from struc-
tural data suggests that it is the phosphate oxygen at
A2662 in the SRL that is critical for triggering GTP
hydrolysis on EF-Tu and EF-G21 (Fig. 1b). Thus, it is
not clear whether the SRL serves as a mere GTPase-
factor-binding site or whether it is actively involved
in promoting GTP hydrolysis and other key steps of
translation.To understand the precise function of the SRL,
we made mutations in the SRL that are known to
inactivate the ribosome. Mutant ribosomes were
puriﬁed to homogeneity and analyzed using
kinetic assays. Our results show that the SRL is
important for the binding of EF-Tu·GTP·tRNA
ternary complex and EF-G to the ribosome.
Surprisingly, however, the SRL is not essential for
GTP hydrolysis on EF-Tu and for peptide bond
formation, suggesting that it is not crucial for tRNA
selection. Furthermore, GTP hydrolysis on EF-G
was not inhibited. Instead, mutations that changed
the orientation of the SRL severely impaired the
ability of the ribosome to translocate the mRNA–
tRNA complex. These results indicate that the
interaction of EF-G with the SRL is critical for
mRNA–tRNA translocation.
Results
Mutations in the SRL inhibit subunit association
Previous studies have shown that mutations
G2655C and A2660U and the deletion of bases
U2653 and C2667 that form a noncanonical base
127SRL Anchors EF-G during Translocationpair in the SRL abolish protein synthesis and are
lethal to cells7,24–27 (Fig. 1a). To dissect the role of
the SRL in the elongation cycle of protein synthesis,
we choose to study these mutations using highly
puriﬁed mutant ribosomes and pre-steady-state
kinetic assays. The three mutations were con-
structed in plasmid pLK35·50S·MS2, which contains
an MS2 binding hairpin inserted in helix 98 of 23S
rRNA.28 The mutant ribosomes were puriﬁed using
the MS2 afﬁnity tag method.29 Primer extension
analysis showed that the mutant 50S subunits were
N95% pure.
To test whether the mutations in the SRL inhibit
the association of the 50S subunit to the 30S
subunit, we performed in vitro subunit association
experiments. The mutant 50S subunits were mixed
with a 1.5-fold molar excess of the wild-type 30S
subunits, and the formation of the 70S ribosome
was analyzed by sucrose density gradient sedi-
mentation. Peaks representing the 30S subunit, 50S1
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(c)subunit and 70S ribosome were observed with the
wild-type 50S subunit (Fig. 2a). Similarly, G2655C
and A2660U mutant 50S subunits associated with
the 30S subunits to form 70S ribosomes, indicating
that these bases are not critical for subunit
association. In contrast, the U2653Δ-C2667Δ dele-
tion mutant showed two peaks instead of a single
peak corresponding to the 50S subunit, indicating
defects in assembly. Furthermore, the 70S ribo-
some formed was signiﬁcantly reduced, indicative
of subunit association defect. Previous studies
have shown that the binding mRNA and tRNA
to the ribosome can sometimes rescue defects in
subunit association.28,30 Therefore, we repeated the
subunit association experiments in the presence of
mRNA and tRNA. In the presence of mRNA and
tRNA, sucrose gradient analysis showed a larger
70S peak with the U2653Δ-C2667Δ mutant than
without mRNA and tRNA (Fig. 2b). Thus, the
addition of mRNA and tRNA signiﬁcantly3
3
Fig. 2. Mutations in the SRL
affect 50S subunit assembly and
function. (a) Sucrose gradient pro-
ﬁles showing the 30S subunit (peak
1), 50S subunit (peak 2) and 70S
ribosome (peak 3) for the wild type
and the indicated mutants. (b) The
addition of mRNA and tRNA im-
proves the association of the
U2653Δ-C2667Δ mutant 50S subu-
nit with the 30S subunit. (c) In vitro
translation. Synthesis of the reporter
enzyme Renilla luciferase by the
wild-type (●), G2655C (□), A2660U
(◆) and U2653Δ-C2667Δ (◆) mutant
ribosomes. RLU, relative lumines-
cence units.
128 SRL Anchors EF-G during Translocationimproved the association of the U2653Δ-C2667Δ
mutant 50S subunit with the 30S subunit. We,
however, note that the in vitro subunit association
assay cannot reveal subtle differences in subunit
afﬁnity or in the rate of subunit association for the
mutant 50S subunits.
We next analyzed the activity of the mutant
ribosomes using an in vitro protein synthesis assay.
In this assay, the ability of ribosomes to synthesize
the Renilla luciferase reporter enzyme was moni-
tored over time.31 Renilla luciferase catalyzes the
oxidation of coelenterazine to produce light, which
was monitored in real time with a plate reader. The
G2655C mutant ribosomes showed a slight defect in
luciferase synthesis compared to the wild-type
ribosomes (Fig. 2c). In contrast, the A2660U and
U2653Δ-C2667Δmutant ribosomeswere completely
inactive in luciferase synthesis.
The SRL is not critical for tRNA selection
The SRL is proposed toplay a key role during tRNA
selection by the ribosome. Structural data suggest that
the phosphate oxygen at A2662 in the SRL triggers
GTP hydrolysis on EF-Tu by correctly positioning the
catalytic histidine 84 of EF-Tu21 (Fig. 1b). Following
GTP hydrolysis, EF-Tu·GDP dissociates from the
ribosome. The cognate tRNA is then accommodated
into the 50S subunit A site and participates in peptide
bond formation. We used a nitrocellulose-ﬁlter-
binding assay to determine the role of the SRL in
binding EF-Tu·GTP·tRNA ternary complex to the
ribosome.32 The EF-Tu mutant His84Ala, which is
defective inGTPhydrolysis, was used to form ternary
complex with GTP and radioactively labeled Phe-
tRNAPhe. Therefore, the reversible binding of the
GTPase-activated state of the ternary complex to theFig. 3. Effect of the SRL mutations on the binding of EF-Tu
Binding of EF-Tu ternary complex to the ribosomal A site dete
binding of EF-Tu·GTP·Phe-tRNAPhe ternary complex to the wi
(◆) mutant ribosomes. (b) Plot of the observed rates of GTP
concentrations. The curves represent the best ﬁt to a single M
kGTP. Symbols: wild-type (●) and U2653Δ-C2667Δ (◆) mutanribosome was measured in these experiments.33
Equilibrium binding experiments were performed
with a ﬁxed concentration of ternary complex and
varying concentrations of ribosome having tRNAfMet
in the P site and the cognate phenylalanine codon
(UUU) in the A site (Fig. 3a). The equilibrium
dissociation constants (Kd) for the wild-type, the
G2655C, the A2660U and the U2653Δ-C2667Δ
ribosomes were 1.8±0.3 nM, 3.1±0.6 nM, 3.0±
0.4 nM and 29.4±4.4 nM, respectively. These results
show that the binding of the ternary complex to the
ribosome is inhibited by less than 2-fold with the
transversionmutations in the SRL andby 16-foldwith
the U2653Δ-C2667Δ deletion mutation.
To determine the role of the SRL in the tRNA
selection process, we determined the rate of GTP
hydrolysis on EF-Tu by the wild-type and the
U2653Δ-C2667Δ mutant ribosomes. We focused
only on the U2653Δ-C2667Δ mutant ribosome
because the interaction of the phosphate oxygen at
A2662 with the catalytic histidine 84 in EF-Tu is
expected to be disrupted in this mutant (Fig. 1b).
Ribosome with tRNAfMet in the P site and the codon
UUU in theA sitewas rapidlymixedwithEF-Tu·[32P]
GTP·Phe-tRNAPhe ternary complex to obtain the time
course of GTP hydrolysis. The rate of GTP hydrolysis
was determined at several ribosome concentrations,
and the data were analyzed by ﬁtting to a Michaelis–
Menten expression to obtain the apparent afﬁnity of
the ternary complex for the ribosome (K1/2) and the
maximum rate of GTP hydrolysis (kGTP) (Fig. 3b). The
K1/2 values were 3 μM and 2.8 μM for the wild-type
and theU2653Δ-C2667Δ ribosomes, respectively. The
similar K1/2 values for the wild-type and mutant
ribosomes are because of the rapid rate of GTP
hydrolysis compared to the rate of dissociation of the
ternary complex from the ribosome.33,34 The kGTPternary complex to the ribosome and GTP hydrolysis. (a)
rmined by ﬁlter binding. Graph showing the equilibrium
ld-type (●), G2655C (■), A2660U (◆) and U2653Δ-C2667Δ
hydrolysis on EF-Tu ternary complex at several ribosome
ichaelis–Menten expression to calculate the K1/2 and the
t ribosomes.
129SRL Anchors EF-G during Translocationvalues were 56 s−1 and 16 s−1 for the wild-type and
theU2653Δ-C2667Δ ribosomes, respectively. TheK1/2
and kGTP values determined here for the wild-type
ribosome are similar to the values reported
previously.33–36 Interestingly, our results show that
the rate of GTP hydrolysis is reduced by only 3.5-fold
with the U2653Δ-C2667Δ ribosome compared to
the wild-type ribosome. Considering that 50% of the
U2653Δ-C2667Δ ribosomes are inactive (see below),
the rate of GTP hydrolysis on EF-Tu is reduced by less
than 2-fold.
After GTP hydrolysis on EF-Tu, the acceptor end
of the aminoacyl tRNA is accommodated into the
peptidyl transferase center in the large ribosomal
subunit. The rate of accommodation of the tRNA is
slow and is the rate-limiting step for peptide bond
formation by the ribosome.33 We analyzed the
extent and the rate of peptide bond formation by(a)
(c)
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Fig. 4. Peptide bond formation and the error rate of translati
ribosomes. The % f[35S]Met-Phe dipeptide formed in 10 s afte
ribosome is indicated below the lanes. (b) Bar graph showin
deviation from three experiments is shown. (c) The time cours
single-exponential equation. The standard deviation from t
increased ﬁdelity of tRNA selection. A control reaction with t
marker for f[35S]Met-Leu dipeptide. Wild-type and mutant
cognate f[35S]Met-Phe dipeptide and the near-cognate f[35S]M
fraction of incorrect f[35S]Met-Leu dipeptide formed by the w
from three experiments is shown.the wild-type and mutant ribosomes. Ribosome
with f[35S]-Met-tRNAMet bound to the P site was
mixed with a limiting concentration of the cognate
EF-Tu·GTP·Phe-tRNAPhe ternary complex, and the
extent of f[35S]Met-Phe dipeptide formed in 10 s was
determined.8,37 Under these conditions, the extent of
peptide bond formed reveals whether the tRNAs are
preferentially accommodated or rejected by the
ribosome after GTP hydrolysis on EF-Tu. The extent
of dipeptide formed was similar with the wild-type
and the mutant ribosomes, indicating that Phe-
tRNAPhe is not rejected to a greater extent by the
mutant ribosomes (Fig. 4a and b).
We next determined the rate of peptide bond
formation (kpep) under conditions where the
concentration of the cognate EF-Tu·GTP·Phe-
tRNAPhe ternary complex is in large excess over
the ribosome and nearly saturating.37 The kpep forfMet
fMet-Phe
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130 SRL Anchors EF-G during Translocationthe wild-type ribosome was 10.7+1.2 s−1 and is
similar to values reported previously.33–36 The kpep
values for the G2655C (kpep=9.9+2.0 s
−1) and the
A2660U (kpep=8.2+2.6 s
−1) ribosomes were similar
to that of the wild-type ribosome. The U2653Δ-
C2667Δ ribosome showed a ≈2-fold reduced rate of
peptide bond formation (kpep=5.4+0.6 s
−1) (Fig. 4c).
Since 50% of U2653Δ-C2667Δ ribosomes are inactive
(see below), the extent of peptide bond formed is also
reduced by 50%. We also analyzed the overall error
rate of the mutant ribosomes by measuring the
amount of near-cognate Leu-tRNALeu incorporated
with the codon UUU in the A site.37 All three mutant
ribosomes showed ≈2-fold reduced error rate
compared to the wild-type ribosome (Fig. 4d and
e). Our results indicate that although the mutations
in the SRL inhibit the binding of EF-Tu ternary
complex to the ribosome, they do not drastically
affect the overall process of tRNA selection.
Mutations in the SRL inhibit the binding of EF-G
In the elongation cycle of protein synthesis, following
tRNA selection and peptide bond formation, the
mRNA–tRNA complex is translocated by EF-G. The
SRL interacts with the GTP-binding domain of EF-G.(a)
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Fig. 5. Effect of the SRL mutations on the binding of EF-G t
presence of GTP, GDPNP or GTP and fusidic acid (FA) determ
bands corresponding to EF-G, ribosomal protein S1 and the 75-
(b) Bar graph showing EF-G bound to the wild-type and mu
amount of EF-G bound was normalized relative to ribosomal
type and the indicated mutant ribosomes determined using a ﬂ
presence of GTP and FA. The starting ﬂuorescence intensity wa
is shown in arbitrary units (a.u.).Initially, we used a qualitative assay to analyze
whether mutations in the SRL affects the binding of
EF-G to the ribosome.Ribosomeswere incubatedwith
EF-G·GTP, EF-G·GDPNP or EF-G·GDP·fusidic acid,
and the free EF-G were separated from the EF-G
bound to the ribosome by microsedimentation in an
ultracentrifuge.38 Thepellet containingEF-Gbound to
the ribosome was analyzed by SDS-PAGE (Fig. 5a).
EF-G·GDPNP and EF-G·GDP·fusidic acid bound to a
similar extent to the wild-type and the G2655C
ribosomes (Fig. 5b). In contrast, EF-G·GDPNP bound
to the A2660U and the U2653Δ-C2667Δ ribosomes
was reduced by 4-fold. However, in the presence of
fusidic acid, EF-G bound to the A2660U and the
U2653Δ-C2667Δ ribosomes was reduced only by
≈2-fold compared to thewild-type ribosome (Fig. 5b).
It should be noted that high concentrations of
ribosome and EF-G were used in this assay, resulting
in signiﬁcant amount of EF-G binding to the mutant
ribosomes. Nevertheless, these results indicate that
EF-G has a reduced binding afﬁnity to the A2660U
and the U2653Δ-C2667Δ ribosomes.
To quantitatively measure the binding afﬁnity of
EF-G for the mutant ribosomes, we used a ﬂuores-
cence-based assay. EF-G with ﬂuorescein attached at
position 591 shows a decrease in ﬂuorescenceG
DP
NP
FA
EF-G
S1
(e)
(b)
o the ribosome. (a) Binding of EF-G to the ribosome in the
ined by a microsedimentation assay. SDS-PAGE showing
kDa protein from the molecular mass ladder are indicated.
tant ribosomes in the presence of GDPNP and FA. The
protein S2. (c–e) Equilibrium binding of EF-G to the wild-
uorescence-based assay. The binding was performed in the
s normalized to 1, and the change in ﬂuorescence intensity
131SRL Anchors EF-G during Translocationintensity when bound to the ribosome in the
presence of fusidic acid.39 Equilibrium binding
experiments were performed with a ﬁxed concen-
tration of EF-G and varying concentrations of the
ribosome (Fig. 5c–e). The equilibrium dissociation
constants (Kd) of EF-G binding to the wild-type, the
G2655C and the A2660U ribosomes were 2.8±
0.3 nM, 8.6±1.3 nM and 42±7 nM, respectively.
The binding of EF-G to the U2653Δ-C2667Δ
ribosome was very weak and could not be deter-
mined using this assay because of the increased light
scattering at high ribosome concentrations. These
results show that mutations in the SRL appreciably
reduce the afﬁnity of EF-G for the ribosome.
The SRL is not essential for EF-G-dependent
GTP hydrolysis
Structural data showed that the SRL interacts
intimately with the GTP-binding domain of EF-G,
suggesting that it may be important for triggering
GTP hydrolysis.20 We measured the rate of GTP
hydrolysis by EF-G under multiple turnover
conditions.8 In these experiments, the concentration
of the ribosome was ﬁxed and limiting. The
concentration of EF-G was in excess and varied.
The initial velocity of GTP hydrolysis at increasing
concentration of EF-Gwas plotted to calculate theKm
and kcat (Fig. 6a). The Km values for GTP hydrolysis
for the wild-type, the G2655C, the A2660U and the
U2653Δ-C2667Δ ribosomes were 1.8 μM, 1.9 μM,
1.5 μMand 12 μM, respectively. Thus, the productive
binding afﬁnity of EF-G·GTP to the U2653Δ-C2667Δ
ribosome is reduced by at least 5-fold, which agrees
with the data described above showing that this
mutant ribosome binds EF-G weakly compared to
the other two mutants. The kcat values of GTP
hydrolysis were 9 s−1, 9 s−1, 7 s−1 and 4 s−1 for the
wild-type, the G2655C, the A2660U and the U2653Δ-
C2667Δ ribosomes, respectively. Considering that
50% of the U2653Δ-C2667Δ ribosomes are inactive,
the kcat of GTP hydrolysis is about the same as the
wild-type ribosomes. These results suggest that the
SRL is not essential for GTP hydrolysis on EF-G.
The SRL is important for mRNA–tRNA
translocation
Following GTP hydrolysis on EF-G, the mRNA–
tRNA complex is translocated by the ribosome. We
used a toeprinting assay to monitor EF-G-dependent
translocation of mRNA–tRNA complex.40 The extent
of translocation by the wild-type, the G2655C, the
A2660U and the U2653Δ-C2667Δ ribosomes was
83%, 78%, 66% and 44%, respectively (Fig. 6b).
Increasing the time of translocation did not increase
the extent of translocation by the U2653Δ-C2667Δ
ribosomes, indicating that about 50%of the ribosomes
are inactive (data not shown). The toeprinting assayshowed that the U2653Δ-C2667Δ ribosomes could
bind tRNAfMet in the P site to the same extent as the
wild-type ribosomes. This is caused by the wild-type
30S subunits added to form70S ribosomes,whichwill
bind tRNAfMet in the P site to give a similar toeprint.
The toeprinting assay cannot distinguish between the
30S complex and the 70S complex. To test the
possibility that the U2653Δ-C2667Δ ribosomes are
defective in binding tRNAPhe to the A site, we
performed the translocation experiment with varying
concentrations of tRNAPhe (Fig. 6c). No signiﬁcant
improvement was observed even after adding 4 μM
tRNAPhe, suggesting that about≈50%of theU2653Δ-
C2667Δ ribosomes are inactive and cannot be rescued
by adding higher concentrations of tRNAPhe to
saturate the A site. These results are consistent with
the subunit association experiments, which showed a
smaller 70S peak with the U2653Δ-C2667Δ 50S
subunits compared to wild-type 50S subunits even
in the presence of mRNA and tRNA (Fig. 2b).
Furthermore, peptide bond formed was also reduced
by ≈50% with the U2653Δ-C2667Δ ribosomes
compared to the wild-type ribosomes (Fig. 4c).
Thus, multiple lines of evidence indicate that only
≈50% of the U2653Δ-C2667Δ 50S subunits can form
functional 70S ribosomes that can translocate the
mRNA–tRNA complex.
To determine the effect of the SRLmutations on the
rate of translocation, we carried out a rapid kinetic
assay.41 The kinetics of mRNA translocation showed
a fast phase and a slow phase with apparent rate
constants k1 and k2, respectively. The reason for the
biphasic kinetics of mRNA translocation is not clear
but has been reported previously.42–44 Translocation
rates were measured at different concentrations
of EF-G to determine the apparent afﬁnity of EF-G
(K1/2) for the mutant ribosomes and the maximum
rate of translocation (ktrans) (Fig. 6d–g). The K1/2 and
ktrans were calculated by ﬁtting k1 obtained at
increasing EF-G concentrations to a Michaelis–
Menten expression. The K1/2 values for the wild-
type, the G2655C, the A2660U and the U2653Δ-
C2667Δ ribosomes were 0.7 μM, 0.6 μM, 1 μM and
3 μM, respectively. Thus, consistent with results
described above, the U2653Δ-C2667Δ ribosomes
have a lower binding afﬁnity for EF-G. The ktrans
values for the wild-type, the G2655C, the A2660U
and the U2653Δ-C2667Δ ribosomes were 28 s−1,
11 s−1, 15 s−1 and 0.1 s−1, respectively. The 300-fold
slower rate of translocation by the U2653Δ-C2667Δ
ribosome compared to the wild-type ribosome show
that the SRL is essential for the movement of the
mRNA–tRNA complex catalyzed by EF-G.Discussion
The SRL is a universally conserved structural
element that projects from the large ribosomal
(b)
(c)
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Fig. 6. Rate of GTP hydrolysis on EF-G and the kinetics of translocation. (a) Graph showing the steady-state rate of GTP
hydrolysis on EF-G with the wild-type and mutant ribosomes. (b) Translocation monitored by the toeprinting assay. The
toeprints for the pre-translocation (Pre) and post-translocation (Post) complexes are indicated. (−) and (+) indicate the
absence and presence of EF-G, respectively. The extent of translocation in % is indicated below the lanes. (c) Translocation
with increasing concentrations of tRNAPhe. The concentration of A site tRNAPhe was increased from 1 to 4 μM. The extent
of translocation in % is indicated below the lanes. (d–g) Graphs showing the rate of translocation at increasing
concentrations of EF-G. The kinetics of translocation are biphasic with a fast (ﬁlled symbol) and a slow (open symbols)
apparent rates. Ribosome with the U2653Δ-C2667Δ mutation showed only a single slow rate of translocation. The lines
are the best ﬁt to a singleMichaelis–Menten expression to calculate the K1/2 and the ktrans. Symbols: wild-type (●), G2655C
(■), A2660U (◆) and U2653Δ-C2667Δ (◆) ribosomes.
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133SRL Anchors EF-G during Translocationsubunit.1,45 The SRL is composed of a 12-base-pair
stem formed by several noncanonical base pairs
and is capped by a GNRA tetraloop45–47 (Fig. 1).
The SRL has long been recognized as critical for
ribosome function because of its interaction with
the elongation factors EF-Tu and EF-G. However, it
is not clear whether the SRL serves only as a
docking site for the elongation factors or whether it
participates in additional functions such as induc-
ing GTP hydrolysis on EF-Tu and EF-G and in
triggering conformational changes that are impor-
tant for tRNA selection and translocation. To
dissect the precise function of the SRL, we made
mutations G2655C and A2660U and deleted the
noncanonical base-pair U2653-C2667 in the SRL.
These mutations in the SRL are known to be lethal
and inhibit protein synthesis.7,24–27 Most previous
studies have examined the activity of the mutant
ribosomes in the presence of the wild-type ribo-
somes. However, the recent advent of afﬁnity tag
methods to purify mutant ribosomes to homoge-
neity makes it possible to characterize these mutant
ribosomes in the absence of the wild-type ribo-
somes using kinetic methods.29
Base G2655 is bulged out from the SRL stem and
forms a base-triple with U2656 and A2665.45–47
G2655 is protected from chemical probes by EF-Tu
and EF-G.10 Previous studies, carried out in cells
expressing both the wild-type and the mutant
ribosomes, showed that deletion of G2655 or
transversions to U or C was lethal to cells and the
mutant ribosomes were inactive in protein
synthesis. 24 In contrast, cells expressing the
G2655A mutation in the 23S rRNA had a growth
rate similar to that of wild-type cells, and the mutant
ribosomes were active in protein synthesis.24 Earlier,
Leonov et al. used an afﬁnity tag approach to purify
the G2655C mutant ribosomes.26 Using qualitative
experiments, they showed that the G2655C mutant
ribosomes are not defective in GTP hydrolysis by
EF-G and slightly defective in binding EF-G but
more defective in translocation. Our results are
consistent with this study.We show that the G2655C
ribosomes are not defective in GTP hydrolysis on
EF-G but have a 3-fold lowered afﬁnity for binding
EF-G and a 3-fold reduced rate of translocation
compared to wild-type ribosomes. In addition, we
show that the G2655C ribosomes have a 2-fold
defect in binding EF-Tu ternary complex; however,
the rate of peptide bond formation is not affected.
The G2655C ribosomes also showed a 2-fold lower
error rate possibly resulting from the reduced
afﬁnity for EF-Tu ternary complex. We propose
that the G2655C ribosomes are not very active in
protein synthesis mainly because of defects in EF-G
binding and in translocation.
Bases A2660 and G2661 are the only two
nucleotides in the GNRA tetraloop of the SRL that
are unpaired.45–47 Ricin targets the SRL of bothbacterial and eukaryotic ribosomes and is one of
most deadly cytotoxins on earth. Ricin is an
N-glycosidase that catalyzes the depurination of
A2660 and A4324 in bacterial and eukaryotic
ribosomes, respectively.4 Depurination of A2660
inhibits the binding of elongation factors. This is
consistent with footprinting studies, which showed
that EF-Tu and EF-G protect A2660 from chemical
modiﬁcation.10 Mutation A2660U causes a growth
defect and inhibits protein synthesis.7 We show that
the A2660U 50S subunits have no major assembly
defects and associate with the 30S subunits to form
70S ribosomes but are inactive in synthesizing
Renilla luciferase in vitro. The binding afﬁnity of
EF-Tu ternary complex to the A2660U ribosomes is
reduced by less than 2-fold compared to the wild-
type ribosomes. In addition, the rates of peptide
bond formation are similar for the A2660U and the
wild-type ribosomes. Therefore, it is unlikely that
the A2660U ribosome is inactive in protein synthesis
because of defects in tRNA selection.
A previous study using an oligoribonucleotide
that mimics the SRL showed that the A2660U
mutation does not affect the binding of EF-G.11 In
contrast, we show that the A2660U ribosome has a
10-fold defect in binding EF-G. In the earlier study,
the binding of EF-G to even the wild-type SRL
oligoribonucleotide mimic was weak (Kd≈7 μM)
compared to the high-afﬁnity interaction of EF-G
with the ribosome reported here (Kd≈3 nM). There-
fore, it is possible that our binding assay is more
sensitive to subtle changes in the SRL structure.
Interestingly, at saturating concentrations of EF-G,
the A2660U ribosome showed no defect in GTP
hydrolysis on EF-G. A recent study showed that the
N6 amino group of adenine at position 2660 in the
SRL is critical for promoting GTP hydrolysis on EF-
G.23 Based on this result, it was proposed that either
a steric clash between the N6 amino group of A2660
and EF-G residues or a favorable stacking interac-
tion between A2660 and the G-domain of EF-G
might induce GTP hydrolysis on EF-G.23 Our
studies show that the A2660U mutant ribosome is
not defective in GTP hydrolysis on EF-G, suggesting
that the steric clash between the larger purine base
(A2660) and EF-G residues is not responsible for
inducing GTP hydrolysis on EF-G. Finally, the
A2660U ribosome has a 2-fold defect in transloca-
tion. Taken together, our data indicate that protein
synthesis is abolished by the A2660U mutation
mainly because of the 10-fold reduced binding
afﬁnity for EF-G.
A model for inducing GTP hydrolysis on EF-Tu
was proposed based on a recent crystal structure of
the EF-Tu ternary complex bound to the ribosome.21
According to this model, the phosphate oxygen at
A2662 in the SRL plays a critical role in inducing
GTP hydrolysis by properly positioning the catalytic
histidine 84 in EF-Tu (Fig. 1b). Histidine 84 in EF-Tu
134 SRL Anchors EF-G during Translocationcoordinates a water molecule responsible for the
nucleophilic attack on the γ-phosphate of GTP.
Furthermore, it was proposed that the interaction of
the phosphate oxygen at A2662 in the SRL with the
catalytic histidine in translational GTPase factors
might be a universal mechanism used by the
ribosome to activate GTP hydrolysis.21 Although
the precise mechanism used by the ribosome to
activate GTP hydrolysis on translational GTPase
factors is not clear and has been debated
recently,48,49 the crystal structure nevertheless sug-
gests an important role for the phosphate oxygen at
A2662 in organizing the GTPase center. The
U2653Δ-C2667Δ mutant ribosome is interesting in
this context because the deletion of the noncanonical
U2653-C2667 base pair will shorten and rotate the
SRL stem, moving the position of the phosphate
oxygen at A2662 by more than 8 Å from the catalytic
histidine residue in GTPase factors (Fig. 1b).
Deletion of the U2653-C2667 base pair will also
decrease the ﬂexibility of the SRL stem.25 These
changes to the SRL are, therefore, expected to inhibit
GTP hydrolysis on EF-Tu and EF-G.
Consistent with a previous report,25 we show that
the deletion of bases U2653 and C2667 in the 23S
rRNA is lethal to cells and the mutant ribosomes are
inactive in protein synthesis. In addition, the
U2653Δ-C2667Δ mutation causes defects in 50S
subunit assembly and in subunit association. The
defects in 50S subunit assembly and in subunit
association may be resulting from the disruption of
the tertiary interactions that the SRL makes with
helix 91 in the 23S rRNA.45 Indeed, a previous study
showed that replacing the entire SRL sequence with
a GAAA tetraloop causes major assembly defects.39
The U2653Δ-C2667Δ mutation is subtler, and the
defect in 50S assembly and subunit association can
be partly rescued by adding mRNA and tRNA. We
show that the binding afﬁnity of the EF-Tu ternary
complex for the U2653Δ-C2667Δ ribosome is
reduced by 16-fold. Taking into account that about
50% of the U2653Δ-C2667Δ ribosomes are inactive,
the defect in binding the EF-Tu ternary complex
maybe closer to 8-fold. Interestingly, the rates of
GTP hydrolysis on EF-Tu and peptide bond
formation by the active population of U2653Δ-
C2667Δ ribosomes are less than 2-fold slower than
those of the wild-type ribosomes. These results
suggest that the interaction of the phosphate oxygen
at A2662 with the catalytic histidine in EF-Tu is not
critical for the overall process of tRNA selection.
Alternatively, in the U2653Δ-C2667Δ ribosome, it is
possible that some other functional group in the SRL
may fulﬁll the critical role played by A2662 in
positioning the catalytic histidine 84 in EF-Tu to
induce GTP hydrolysis.
Our studies show that the rate of GTP hydrolysis
on EF-G is reduced by 2-fold with the U2653Δ-
C2667Δ ribosome, which again argues that theinteraction of the phosphate oxygen at A2662 with
the catalytic histidine in EF-G is not crucial for GTP
hydrolysis. More important, our studies reveal that
the U2653Δ-C2667Δ ribosomes are primarily defec-
tive in EF-G-dependent translocation. The U2653Δ-
C2667Δ ribosomes showed a 300-fold reduced rate
of translocation compared to the wild-type ribo-
somes. In contrast, the K1/2 for translocation is
increased by only 5-fold for the U2653Δ-C2667Δ
ribosomes compared to the wild-type ribosomes.
These results reveal that EF-G-dependent transloca-
tion of the mRNA–tRNA complex is the major defect
in the U2653Δ-C2667Δ ribosome. Structural studies
have shown that both the ribosome and EF-G
undergo large-scale conformational changes during
translocation.17,50,51 The 30S subunit undergoes a
ratchet-like rotation relative to the 50S subunit, and
the head domain of the 30S subunit pivots relative to
the body of the 30S subunit.51,52 Interestingly, the
GTP-binding domain of EF-G maintains its interac-
tion with the SRL in the pre- and post-translocation
states, while domain IV of EF-G moves from the
shoulder region to the A site in the 30S subunit.17
The SRL remains immobile during these structural
changes in the ribosome and may serve as a crucial
anchor for EF-G. Since the U2653Δ-C2667Δ muta-
tion considerably weakens the interaction of EF-G
with the SRL, after GTP hydrolysis, EF-G may
prematurely dissociate from the mutant ribosome
without promoting mRNA–tRNA movement,
explaining the drastic inhibition in translocation.
Based on our analysis of the three mutants, we
propose that the main functional role of the highly
conserved SRL is to stabilize the binding of EF-G on
the ribosome during the extensive conformational
changes that accompany mRNA–tRNA movement.Materials and Methods
Site-directed mutagenesis of 16S rRNA
Site-directed mutagenesis was performed with a Quick-
Change PCR mutagenesis kit (Stratagene). Plasmid
pLK35·50S·MS228 was used as the template for introduc-
ing mutations G2655C, A2660U and C2653Δ/U2667Δ
into 23S rRNA. All clones were veriﬁed by automated
DNA sequencing of the entire 23S rRNA operon.
Plasmid replacement strategy
Plasmid replacement was performed as described
previously.53 Brieﬂy, E. coli strain SQZ10 (Δ7rrn) contain-
ing plasmid pHK-rrnC+sacB (kanamycin resistant) was
transformed with pLK35-23S-MS2 containing the desired
mutations. The transformants were grown overnight in LB
medium (10 g of tryptone, 5 g of yeast extract and 10 g of
NaCl per liter of medium) with 100 μg/ml ampicillin at
37 °C with shaking. The cultures were diluted and plated
135SRL Anchors EF-G during Translocationon 2YT agar plates with 8% sucrose and 100 μg/ml
ampicillin. The colonies on the plates were screened for
sensitivity to kanamycin by replica plating. Plasmid
replacement was conﬁrmed by isolating plasmids and
automated DNA sequencing.
Purification of MS2-tagged 50S subunits
Mutations in the SRL are lethal, and the mutant 50S
subunits were puriﬁed from pop 2136 cells using the MS2
afﬁnity tag. Expression and puriﬁcation were performed
as described previously.28,29 The purity of the MS2-tagged
50S subunits was assayed by primer extension after total
RNA extraction. Reverse transcription using the primer 5′-
TCA ACGTTCCTTCAGGACCCT -3′ and NTP(-dCTP)
with ddCTP gave different products for tagged and
untagged 23S rRNA.
Subunit association
We conducted subunit association by incubating 30S
subunits and 50S subunits separately at 42 °C for 10 min
in buffer A [50 mM Tris–HCl (pH 7.6), 100 mM NH4Cl
and 6 mM β-mercaptoethanol and 20 mMMgCl2], slowly
cooling the subunit to 37 °C, holding it for an additional
10 min at 37 °C. Subunit association was initiated by
combining 20 pmol 50S subunits and 30 pmol 30S
subunits and incubating at 37 °C for 10 min. In some
experiments, 1.5-fold excess mRNA and tRNAfMet were
added to the reaction to stabilize the 70S ribosome. The
samples were separated in 10–35% sucrose gradients
prepared in the same buffer and analyzed as described
previously.53 For functional assays, subunit association
was performed as described above in the appropriate
buffer containing 20 mM MgCl2. Then the mixture was
diluted with buffer having no MgCl2 to lower it to the
desired concentration.
In vitro translation of reporter protein
The activity of the puriﬁed ribosomes was analyzed by
in vitro translation of the reporter protein Renilla luciferase
as described previously.31 Brieﬂy, activated ribosomes
were added to the S-100 in vitro translation mix and
transferred to a 96-well plate. The 96-well plate was
incubated at 37 °C in a plate reader (Genios; Tecan), and
the synthesis of the luciferase enzyme was monitored in
real time by measuring the luminescence every 2 min.
Duplicates of the samples were used for each experiment,
and the assays were repeated at least two times.
Kd measurement of ternary complex binding to
ribosome
E. coli tRNAPhe was labeled with [α-32P]ATP as
described previously.54 The Kd of ternary complex
binding to ribosomes was determined using a 96-well
dot blot apparatus (Shleicher and Schuell), with an upper
nitrocellulose membrane (BA-85; Whatman) and a lower
nylon membrane (Hybond-N+; Amersham).55 Ternary
complex was prepared with a 10-fold excess of EF-Tu
(H84A) over Phe-[32P]tRNAPhe in buffer B [50 mM Tris–HCl (pH 7.5), 15 mM MgCl2, 70 mM NH4Cl, 30 mM KCl,
8 mM putrescine, 2 mM DTT and 0.5 mM spermidine].
Ternary complex (0.2 nM) was incubated with P-site-
blocked ribosomes (0–200 nM) for 1 min at room
temperature in the same buffer. Reactions were per-
formed simultaneously in rows of 12 in a 96-well
microtiter plate (NUNC conical bottom). Twenty-
ﬁve microliters was taken using a multichannel pipette
and immediately passed through the double ﬁlter system
and washed with 100 μl buffer B three times. After a
series of ﬁltrations was completed, the membranes were
removed from the ﬁlter apparatus, dried and exposed to a
phosphorimager screen (Bio-Rad). Data were ﬁtted to a
hyperbolic equation.
GTP hydrolysis by EF-Tu ternary complex
GTP hydrolysis experiments were performed in buffer
C [50 mM Tris–HCl (pH 7.5), 3.5 mM MgCl2, 70 mM
NH4Cl, 30 mM KCl, 8 mM putrescine, 2 mM DTT and
0.5 mM spermine], essentially as described previously.37
Ternary complexes were incubated at 37 °C for 5 min
using nucleotide-free EF-Tu. The concentration of the
ternary complex was 100 nM, and the concentration of
the ribosome was 0.4 μM, 1.25 μM or 1.6 μM. We could
not test higher concentrations of ribosome because of the
low yield of afﬁnity-puriﬁed mutant ribosomes. Time
courses were performed at 20 °C with a quench-ﬂow
instrument (μQFM-400; BioLogic). Free phosphate was
analyzed by PEI-cellulose TLC developed in 0.5 M
potassium phosphate (pH 3.5). The extent of GTP
hydrolysis was quantiﬁed with a phosphorimager (Bio-
Rad). The time course of GTP hydrolysis was ﬁtted to a
single-exponential equation to determine the apparent
rate of GTP hydrolysis. To calculate the K1/2 and the rate
of GTP hydrolysis at saturation (kGTP), we ﬁtted the
apparent rates of GTP hydrolysis at increasing ribosome
concentrations to a Michaelis–Menten curve as described
previously.33,34,37
Peptidyl transferase assay
Peptidyl transferase experiments were performed at
20 °C in buffer C with a quench-ﬂow instrument (μQFM-
400; BioLogic) as described previously.37 Concentrations
of ribosome and ternary complexes were 1.25 μM and
0.25 μM, respectively. Dipeptide was resolved by electro-
phoresis on cellulose TLC plates and quantiﬁed using a
phosphorimager (Bio-Rad). The time course of peptide
bond formation was ﬁt to a single-exponential equation to
determine the apparent rate of peptide bond formation. To
determine the extent of dipeptide formation for mutant
ribosomes, we incubated the reaction for 10 s and
quenched it manually with 1 M KOH.
Fidelity of tRNA selection
Fidelity experiments were done in buffer C as described
earlier.37 Dipeptides f[35S]Met-Phe and f[35S]Met-Leu
were resolved by electrophoresis on cellulose TLC plates
and quantiﬁed using a phosphorimager (Bio-Rad). The
extent of misincorporation was determined from the ratio
of f[35S]Met-Leu to f[35S]Met-Phe plus f[35S]Met-Leu.
136 SRL Anchors EF-G during TranslocationEF-G binding by microsedimentation
Binding of EF-G to the ribosome was analyzed by a
microsedimentation assay.38 Activated ribosomes (0.12 μM)
pre-associated with 1.5-fold mRNA+9 and tRNAfMet were
mixed with the same amount of EF-G in buffer D [20 mM
Hepes-KOH (pH 7.6), 6 mMMgCl2, 150mMNH4Cl, 4mM
β-mercaptoethanol, 0.05 mM spermine and 2 mM spermi-
dine]. GTP or GDPNP (0.5 mM) and 1 mM fusidic acid
were added, and the ﬁnal volume was adjusted to 100 μl.
Mixtures were incubated at 37 °C for 10min and loaded on
a micro-sediment tube (0.3 ml, Sarstedt 702) inserted into
the cap of a Ti-80 centrifuge bottle (Beckman). The top of
the micro-sediment tube was covered with paraﬁlm, and
the tubeswere centrifuged at 36,000 rpm in a Ti-80 rotor for
1.5 h. The supernatant was carefully removed, and the
pellet was resuspended by vortexing overnight in 10 μl
protein loading buffer. Samples were analyzed by 10%
SDS-PAGE, and the bands were quantiﬁed by Quantity
One software (Bio-Rad).
EF-G-591-IAF binding to ribosome
His-tagged EF-G containing a single cysteine at position
591 was labeled with IAF (5-iodoacetamidoﬂuorescein) as
described previously.56 EF-G binding was carried out as
described by Lancaster et al. with the following
modiﬁcation.39 Ribosome complex containing mRNA and
tRNAfMet was titrated in reactions that contained 1 nM EF-
G-591-IAF, 0.5 mM GTP and 1 mM fusidic acid, 0.015%
Nikkol, 1.6 mM DTT, 10 mM MgCl2, 100 mM NH4Cl and
50 mM Tris–HCl (pH 7.0) in a total volume of 160 μl and
incubated for 10 min at 37 °C. Fluorescence intensity of EF-
G-591-IAF was acquired using a Fluoromax-P spectroﬂu-
orometer at 25°C with excitation at 492 nm and emission at
518 nm in a 160-μl cuvette (Starna Cells).
GTP hydrolysis by EF-G
GTP hydrolysis was measured by combining activated
ribosomes (0.25 μM ﬁnal concentration, pre-associated with
1.5-fold excess mRNA+9 and tRNAfMet) with EF-G (0.5–
14 μM ﬁnal concentration) and GTP (1 mM ﬁnal concentra-
tion with trace amount of [γ-32P]GTP) in buffer D at room
temperature. Aliquots (3 μl) were withdrawn at different
time points and quenched with 5% SDS. Samples (1 μl) were
spottedon celluloseTLCplates anddeveloped in 0.5KH2PO4
(pH 3.5). The amount of 32Pi formed was quantiﬁed using a
phosphorimager. The initial velocities were plotted versus
each EF-G concentration and ﬁtted to a Michaelis–Menten
equation. Experiments were repeated at least two times.
Toeprinting assay
Pre-translocation complexes were formed, and translo-
cation was monitored by the toeprinting assay as
described previously.40
Translocation kinetics
Rapid kinetic experiments were performed essentially
as described previously.41,53 The experiments wereconducted at 25 °C in buffer D. Brieﬂy, 80 μl of
pretranslocation complex (0.25 μM, after mixing) con-
taining tRNAf
Met and fMet-Phe-tRNAPhe in ribosomal P
and A sites, respectively, and pyrene-labeled mRNA+9
was rapidly mixed with 80 μl of EF-G·GTP (1.25 μM,
after mixing) using a stopped-ﬂow instrument (μSFM-
20; BioLogic). The samples were excited at 343 nm, and
the change in ﬂuorescence emission intensity at 376 nm
was measured after the emission had passed through a
long-pass ﬁlter (361 AELP; Omega Optical). Approxi-
mately ﬁve traces were averaged for each experiment,
and the experiments were repeated four times. The
decreases in ﬂuorescence intensity were analyzed by
nonlinear least-squares ﬁtting to the double-exponential
equation Y=ax+b+A1 exp(−k1x)+A2 exp(−k2x) using
Bio-Kine (BioLogic).
Modeling the structure of the SRL with bases U2653
and C2667 deleted
The SRL deletion was modeled using the X-ray
crystallography structure of Voorhees et al. (Protein Data
Bank accession code: 2XQE).21 The base pair was ﬁrst
deleted from the structure. Next, the helix was shifted by
simultaneously aligning the phosphates, C3′ and C4′
atoms of nucleotides 2651 and 2669 with the same atoms
of the original nucleotides 2552 and 2668.Acknowledgements
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